Fura-2 and membrane capacitance measurements were performed to investigate intracellular Ca2+ concentration ((Ca2+J1) 
(iii) generation of arachidonic acid, and (iv) increase in cyclic nucleotides. It is not clear which of these stimulation pathways constitutes the trigger for secretion and whether they can be activated independently or, in the case of acting synergistically, to what extent they contribute to the control of the exocytotic process.
Another potent mast cell secretagogue is internally administered guanosine 5'-[ythio]triphosphate (GTP[y-S]) (2, 3) , a nonhydrolyzable analogue of GTP that irreversibly activates guanine nucleotide-binding regulatory proteins (G proteins conditions, a sufficient stimulus for secretion (5) , although sustained high [Ca2W] i can enforce exocytosis (6) .
Activation of protein kinase C is known to reduce the Ca2+ requirement for a number of cellular processes (7) and has been suggested to serve this purpose in mast cell degranulation. Phorbol esters, which activate protein kinase C, can mimic agonist-induced cellular responses in many cell types, but they fail to induce sizable histamine release from mast cells (8) , although synergistic effects with additionally applied ionophores have been reported (8, 9) . Arachidonic acid, which is also liberated upon physiological stimulation, has been suggested to be an important intermediate or effector in mast cell secretion (10) . Arachidonate mobilization in mast cells appears to result primarily from activation of the phospholipase A2 pathway (11) , which is likely to be under control of a G protein. Yet another G protein is involved in the activation of adenylate cyclase, which results in elevated levels of cAMP. The role of cAMP in secretion remains to ke determined, since facilitatory and inhibitory effects have been reported (12) . Previous work has indicated two different G proteins to be involved in stimulus-secretion coupling in mast cells (13 (19) . Thereafter, the cell membrane capacitance increased as the cell degranulated. Changes in membrane capacitance reflect cell surface area, which increases as the membranes of mast cell granules add to the plasma membrane during exocytotic fusion (20) .
When recordings are made from mast cells in the wholecell configuration, the cells rapidly lose their ability to degranulate in response to external stimulation by 48/80 (14, 21) . This washout of secretion is due to the intracellular diminution of GTP, since the responsiveness for secretion can be maintained for some time by adding GTP to the internal solution (14) . Interestingly, the generation of Ca2+ transients by 48/80 is not impeded by prolonged intracellular dialysis regardless of the absence or presence of GTP (14) , raising some doubt that these To ascertain that the 48/80-induced Ca2+ transients arise from inositolphospholipid breakdown, neomycin, which has been found to interfere with this process (13, 22) , was perfused into the cell. Again, transient rises of [Ca2+], were suppressed ( Fig. 1C ; n = 10). As with GDP[/3-S], a delayed application of 48/80 (40-90 s) was necessary to allow neomycin to take its action. The concentration of neomycin required to suppress Ca2+ transients was 1 mM, which also blocked 48/80-induced secretion. Neomycin at 100 AM usually did not prevent Ca2+ transients, yet secretory responses to 48/80 were attenuated. At this concentration of neomycin, the relative degranulation amplitude, calculated from the ratio of final to initial cell membrane capacitance, was found to be 1.8 ± 0.2 (mean ± SEM, n = 14) as compared to 2.3 ± 0.23 (n = 14) from controls obtained after identical 48/80 application delay of 60 s (ref. 14) .
Pertussis whereas GTP[y-S] was still able to elicit normal secretory responses ( Fig. 2D ; n = 6), they were completely suppressed following external stimulation by 48/80 ( Fig. 2C; (6) .
DISCUSSION
The results presented here provide evidence for multiple regulatory mechanisms in mast cell secretion. The pharmacological actions on Ca2+ transients and degranulation of the substances investigated here are summarized in Table 1 and a model that illustrates the possible mechanisms of secretion control is depicted in Fig. 4 tReduced.
are needed for these two G-protein-mediated cellular functions. In the case of Ca2+ transients, the apparent independence of additionally provided GTP may be explained by phosphorylation of G-protein-bound GDP through a nucleoside diphosphokinase (28) .
Neomycin (1 mM), which is believed to interact with membrane inositolphospholipids so that their breakdown by phospholipase C is impaired (13) Pertussis toxin has been reported to inhibit phospholipid hydrolysis, arachidonate release, and histamine secretion from mast cells stimulated with 48/80 (23) . The present study confirms the inhibitory effects of pertussis toxin on secretory responses induced by 48/80. However, Ca2+ transients following stimulation with 48/80 were still induced without delay in the majority of cells investigated, suggesting that the amount of inositol trisphosphate being released, albeit probably reduced, was still above the threshold for Ca2+ release. On the other hand, if the inositol trisphosphate/diacylglycerol pathway were solely governing control of exocytosis, one would have to assume that the concomitant generation of diacylglycerol after pertussis toxin is not sufficient for initiation of secretion. Alternatively, the differential effects of pertussis toxin on Ca2+ transients and secretion may be explained by the presence of an additional signal-transduction pathway that contains a G protein sensitive to pertussis toxin. In analogy to neutrophils (30) , several lines of evidence suggest the presence of a G protein (Ge) that controls exocytosis in mast cells (13) , although it is not clear at what stage Ge may act. A recently proposed model (13) suggested Ge to control secretion directly, at a site distal to Gp (the G protein mediating inositolphospholipid breakdown). Alternatively, Ge may be involved in a separate, parallel signaling pathway, possibly mediating activation of phospholipase A2 with subsequent liberation of arachidonic acid. This pathway has been suggested to play an important role in secretion in a number of cells (see ref. 31 ) and has been shown to be affected by pertussis toxin in several preparations (32) , including mast cells (23) .
A recent patch-clamp study (33) (33) . This would suggest that the inhibitory effects of pertussis toxin on Ge may be more stringent with 48/80 stimulation and that higher concentrations or longer incubation periods are necessary to antagonize GTP[y-S]-induced secretion. The role of cAMP in mast cell secretion is a matter of considerable controversy (35) . Most studies, however, assign an inhibitory effect on secretion, based mainly on the inhibitory actions of substances thought to elevate intracellular levels of cAMP (24) . In this study, where cAMP was introduced directly into the cell, it was confirmed that high concentrations of cAMP are inhibitory to 48/80-induced secretion. The site of action of cAMP is not known. Inhibition of Ca2+ influx (36) or of Ca2+ release from internal stores (37) has been implicated as a possible mechanism of action. An 9860 Physiological Sciences: Penner inhibition of Ca2" influx by cAMP has recently been questioned by the finding that this second messenger may activate a chloride conductance and thereby hyperpolarize the membrane potential to support inositol trisphosphate-mediated Ca2' influx in mast cells (19) . The present study makes an inhibitory effect of cAMP on inositolphospholipid breakdown seem unlikely, since 48/80-induced Ca2+ transients were not impeded, whereas secretory responses were abolished.
The exact site of action of cAMP cannot be derived from the results presented here but, in principle, it could be located on the receptor or on the G protein. Unless (27) may account for the somewhat smaller secretory response.
From the findings presented here it seems that multiple signaling pathways control stimulus-secretion coupling in mast cells. Secretion appears to be controlled by an as yet unidentified signaling pathway, which may involve the putative G protein Ge. The inositol trisphosphate/diacylglycerol pathway may support secretion by regulating [Ca2W] and reducing the apparent Ca2' requirement for secretion. The model depicted in Fig. 4 assumes three parallel signaling pathways involving three different G proteins (Ge, G5, Gp) and may be favored over the model that assumes Gp and Ge to act in series (13) . According to the serial model, receptor stimulation should be ineffective in eliciting secretion through Ge under conditions where inositolphospholipid breakdown is blocked. However, contrary to such a prediction, cells pretreated with PMA, which suppresses inositolphospholipid breakdown (25, 41) , still degranulated in response to 48/80 (see Fig. 3B ). This is in agreement with studies in which 48/80-or antigen-induced secretion was not impeded in mast cells (8) and rat basophilic leukemia cells (39, 40) pretreated with low concentrations of phorbol ester, suggesting a parallel signaling pathway that can induce secretion independent of inositolphospholipid breakdown.
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